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Abstract. Individual extragalactic dark matter halos, such as those associated with nearby
galaxies and galaxy clusters, are promising targets for searches for gamma rays from dark
matter annihilation. We review the predictions for the annihilation flux from individual ha-
los, focusing on the effect of current uncertainties in the concentration-mass relation and the
contribution from halo substructure, and also estimating the intrinsic halo-to-halo scatter
expected. After careful consideration of recent simulation results, we conclude that the con-
centrations of the smallest halos, while well-determined at high redshift, are still uncertain by
a factor of 4–6 when extrapolated to low redshift. This in turn produces up to two orders of
magnitude uncertainty in the predicted annihilation flux for any halo mass above this scale.
Substructure evolution, the small-scale cutoff to the power spectrum, cosmology, and bary-
onic effects all introduce smaller, though cumulative, uncertainties. We then consider intrinsic
variations from halo to halo. These arise from variations in concentration and substructure,
leading to a scatter of ∼2.5 in the predicted annihilation luminosity. Finally, we consider the
problem of detecting gamma rays from annihilation, given the expected contributions from
other sources. We estimate the signal-to-noise ratio for gamma-ray detection as a function
of halo mass, assuming that the isotropic gamma-ray background and cosmic rays from star
formation are the main noise sources in the detection. This calculation suggests that group-
scale halos, individually or in stacks, may be a particularly interesting target for the next
generation of annihilation searches.
ar
X
iv
:1
71
1.
05
27
1v
2 
 [a
str
o-
ph
.C
O]
  1
5 A
ug
 20
18
Contents
1 Introduction 1
2 Predicted emission from smooth halos 3
2.1 The halo boost factor Bh 3
2.2 Halo concentration 4
2.2.1 General relations for large masses 4
2.2.2 Extrapolation to very small masses 6
2.2.3 Concentration and boost factor versus peak height 9
2.3 Scatter in halo concentration 12
3 Effects of substructure 13
3.1 P 2SAD prescription 13
3.2 Analytic substructure model 14
3.3 Total substructure boost factor 17
3.4 Comparison with previous results 19
4 Baryonic sources and signal-to-noise in gamma-ray searches 21
5 Conclusion 24
1 Introduction
Dark Matter is a key part of the current cosmological model, producing the rich array of large-
scale structure we see around us in the present-day Universe. Although there is evidence for
its existence and detailed distribution from many different astrophysical probes, including
the Cosmic Microwave Background [CMB – 1], large-scale structure [e.g., 2], cosmic shear
[e.g., 3], mass reconstructions of galaxy clusters [e.g., 4–6], galaxy-galaxy lensing [e.g., 7–10],
satellite dynamics around bright galaxies [e.g., 11], field galaxy rotation curves or velocity
dispersions [e.g., 12], and the velocity dispersions of the dwarf satellites of the Local Group
[13, and references therein], the fundamental nature of dark matter remains unknown.
Although there are many candidates for the dark matter particle [see e.g., 14, for a
review], Weakly Interacting Massive Particles (WIMPs) remain a favourite candidate, not
least because of the ‘WIMP miracle’, that thermal relics with a weak-scale cross-section
and a mass in the 100 GeV–1TeV range naturally produce the correct mass density in the
present-day Universe [14, 15]. In principle, WIMPs can be detected directly in the lab when
they interact with a standard model particle. In practice, these ‘direct’ detection experiments
have not yet produced a conclusive discovery, although their limits are improving steadily [see
16, 17, for reviews]. In the mean time, ‘indirect’ searches for WIMP annihilation or decay
products provide an important alternative avenue for identifying dark matter. In particular,
indirect searches already rule out candidates with a thermal cross-section at the lowest masses,
at least for some annihilation channels [e.g., 18]. If this trend progresses up to mass limits
around a TeV, the WIMP may become a much less attractive candidate.
Many WIMP candidates are predicted to annihilate into detectable standard model
end-states, including neutrinos, electrons/positrons, and gamma rays [14]. The gamma-ray
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signature from annihilation is particularly important, as it may be one of the few direct
probes of dark matter structure. As a two-body process, the annihilation signal from a given
region goes as the local density squared, and thus it depends on the overall inhomogeneity of
the particle distribution. Predicting the expected flux requires a detailed model of the dark
matter distribution on all scales, and thus represents a challenge for our understanding of
structure formation.
A number of systems have been proposed as targets for gamma-ray searches for the
dark matter annihilation signal [see 15, 19, for recent reviews], including the Galactic Centre
[e.g., 20–22], the centres of other nearby, luminous galaxies [23–31], the dwarf satellites of the
Milky Way and M31 [e.g., 18, 32–36], galaxy clusters [e.g., 37–45], the smooth extra-galactic
background [e.g., 46–50], and large-scale fluctuations present within this background [e.g.,
51–56, and many others – see previously cited reviews for full references]. While the signal is
predicted to be strongest from the Galactic Centre, other known or possible components in
that region obscure it [22, 57, 58]. Relative to known components, there is a detected excess in
gamma-ray emission from the Galactic Centre [59–61], but it is unclear whether it comes from
dark matter annihilation or from a previously unknown population of conventional sources
such as pulsars, which can produce a very similar gamma-ray spectrum [62].
Beyond our galaxy, the most constraining targets are generally local dwarf galaxies
[18, 19], considered jointly or in stacks. On the other hand, the only direct probe of the mass
distribution in these objects, their stellar velocity distribution, is restricted to their innermost
regions [13, and references therein]. The correspondence between the known dwarfs and the
dense halo substructure predicted by simulations is increasingly well understood [63], but
remains complex and slightly model dependent [e.g., 64].
Relative to these targets, nearby extra-galactic halos are somewhat less constraining
[19, 65]. On the other hand, they have several other advantages, including angular sizes well-
suited to the angular resolution of the Fermi Large Area Telescope (LAT) and ground-based
Air Cerenkov Telescopes (ACTs), multiple, independent probes of their mass distributions,
and in some cases, locations on the sky well away from contaminating Galactic emission. The
correspondence of isolated clusters, groups and galaxies to simulated dark matter halos is
relatively uncontroversial, and mean trends in halo mass versus stellar mass have been es-
tablished empirically, e.g. using weak gravitational lensing [7–10]. Furthermore, as discussed
below, predictions of the annihilation flux from extra-galactic halos assume typical concentra-
tions and substructure content, but the natural scatter in these properties seen in simulations
suggests some individual objects may be boosted significantly with respect to the mean. Pos-
sible targets of this kind considered recently include nearby galaxy clusters [e.g. 38–43, 66],
but also individual galaxies [e.g. 28–31]. In particular, an unexpected gamma-ray component
has been detected in the centre of M31 [67]; whether this can be explained by pulsars or some
other conventional population remains to be seen.
In this paper, we reconsider the annihilation signal from extra-galactic halos, in light of
recent simulation results on halo density profiles, halo concentration, and halo substructure.
We summarize the uncertainties, particularly those in the concentration-mass relation, which
remain considerable for reasons discussed below. We also consider the effect of halo-to-
halo scatter on the predictions. Finally, given current detections of at least some gamma-
ray emission from nearby halos, we estimate the signal-to-noise ratio (SNR) expected from
gamma-ray observations, given realistic astrophysical backgrounds. Where needed, we assume
the Planck 2015 [1] cosmological parameters: Ωm = 0.3089, Ωb = 0.0486, h = 0.677, ns =
0.967, ΩΛ = 0.6911, σ8 = 0.8159.
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2 Predicted emission from smooth halos
2.1 The halo boost factor Bh
Given pairs of dark matter particles χ (assumed, for Majorana WIMPs, to be their own
antiparticles χ¯) of massmχ and density ρ in a volume V , the rate at which they will annihilate
into other particle/antiparticle pairs is
R =
〈σv〉
2m2χ
∫
V
ρ2dV , (2.1)
where 〈σv〉 is the velocity-averaged annihilation cross-section. We can separate the rate into
two factors, one depending only the particles’ fundamental properties mχ and 〈σv〉, and the
other depending only on their spatial distribution
R =
[
〈σv〉
2m22χ
] [
ρ¯2V B(V )
]
, (2.2)
where we have defined a dimensionless factor
B(V ) ≡ 1
ρ¯2V
∫
ρ2dV (2.3)
that characterizes the inhomogeneity of the particle distribution. This factor has been var-
iously called the “enhancement” [47], the “flux multiplier” [48], the “clumpiness” [68], or the
“(cosmological) boost factor” [69]. In what follows we will refer to it as the (halo) boost factor
Bh, distinguishing this from the (substructure) boost factor Bsub discussed in section 3, or
the total boost factor including both terms. The boost factor is a function of the volume
considered. For halos, we will take this to be the spherical volume bounded by the virial
radius, defined to be rvir = r200c, the radius within which the mean density is 200 times the
critical density of the universe at that redshift, ρc(z). (Similarly, halo masses will be taken
to be M200c, the mass enclosed within r200c.) For this choice of volume, we will denote the
halo boost factor simply Bh.
We can calculate the halo boost factor directly from the spherically-averaged density
profile. For the halos seen in cosmological simulations, this has most often been approximated
as the Navarro, Frenk and White (NFW) profile [70]:
ρNFW =
ρs
(r/rs) [1 + (r/rs)]
2 , (2.4)
which has free parameters rs (the scale radius where the logarithmic slope of the profile is
d ln ρ/d ln r = −2), and ρs, a characteristic density. For a given mass and a definition of
the virial radius rvir, the profile depends only on the scale radius, or equivalently on the
concentration parameter c ≡ rvir/rs. An analytic expression for Bh(c) for the NFW profile
is given in, e.g., [48].
More recently, high-resolution simulations have found that cosmological halos deviate
slightly but systematically from the NFW fit [71–73], and that a better approximation, at
least over the range of radii currently resolved, is the Einasto profile:
ρEinasto = ρ−2 exp
[
− 2
α
{(
r
r−2
)α
− 1
}]
. (2.5)
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This fit has a characteristic radius ρ−2 equivalent to the NFW scale radius, as well as an
additional shape parameter α that controls the overall curvature of the logarithmic slope.
For values of α ∼ 0.2–0.25, the Einasto profile is very similar to the NFW profile, over a
broad range in radius. For larger values of α, the profile becomes flatter in the inner regions
of the halo, and steeper in the outer regions.
For the Einasto fit, the boost for a halo of a given mass and virial radius depends on
the two parameters ρ−2 and α, or equivalently on a concentration parameter c ≡ rvir/r−2
and α. (There is a closed form analytic expression for Bh(c, α), though it is slightly more
complicated than the NFW version.) The two parameters c and α are correlated, however, so
the average shape of the profile can be expressed as a single-parameter function of the peak
height parameter ν ≡ δc/σ(M, z), where δc is the critical overdensity threshold for collapse
and σ(M, z) is the r.m.s. of density fluctuations on mass scale M . In terms of ν, the mean
value of the shape parameter has been fitted as
α(ν) = 0.155 + (0.0095ν2), or
α(ν) = 0.115 + (0.014ν2) (2.6)
by [73, G08 hereafter] and [74, K16 hereafter] respectively. The fit in K16 was based on more
data at high ν, so it seems likely to be more reliable there. The origin of the disagreement at
low ν is unclear; there may be some residual redshift dependence, as the low-redshift results
generally prefer a higher value of α at low ν. In the absence of further evidence, we will
assume the more recent results of K16 to be more accurate overall. We also note that values
α > 0.2 are only seen in high peaks with ν & 2.5, which generally have low concentrations.
Figure 1 shows the dependence of Bh(c) on the concentration c ≡ rvir/rs for halos
with a NFW profile (solid curve), and on the concentration c ≡ rvir/r−2 for Einasto profiles
with several different values of the shape parameter α (points/lines). In each case, we have
only plotted the curve over the range of concentrations expected for field halos of that shape
parameter. Thus, for α ≥ 2, we only plot the boost for concentrations c < 6, since these are
the expected values for high-ν peaks, as discussed in section 2.2.3 below.
In general, the halo boost varies slowly for very small concentrations (c . 5), but then
increases as a power-law of slope 2.5–2.8 (i.e. somewhat shallower than the slope of 3 used
in some approximations) at higher c. A convenient fit to the exact form is:
Bh(c) = A(c+B)
C . (2.7)
Over the range c = 1–250, this fit with (A,B,C) = (0.08, 3.0, 2.5) matches the exact NFW
form to better than 5%, while fits with (A,B,C) =(0.1,4.5,2.5) and (0.04,4.3,2.78) fit the
exact Einasto forms for α = 0.115 and 0.155, the low-ν values in the fitting functions given
above, to better than 12%.
2.2 Halo concentration
2.2.1 General relations for large masses
In the most general sense, concentration characterizes the central density of a system relative
to its mean density, or the mass within some small radius relative to the total mass. This is
most often described by a concentration parameter c defined in terms of a ratio of radii rvir/rs
or rvir/r−2 [70], as above, but can also be characterized by a ratio of circular velocities, e.g.
the ratio of the peak circular velocity to the velocity at the virial radius vpeak/vvir [74, 75],
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Figure 1. The halo boost factor as a function of concentration, for the NFW (solid curve) and Einasto
profiles (points and dashed/dotted lines, for different values of the shape parameter as indicated). In
the latter case, the boost factor has been plotted only over the range of concentrations expected for
field halos with that value of the shape parameter.
or by a ratio of densities, e.g. ρpeak/ρc, [76–78]. For a given fit to the profile, there is a fixed
relationship between these different concentration parameters, but the different definitions
can introduce systematic differences in concentration when the halo profile is fit with different
functional forms, or if the shape of the profile varies systematically with mass or redshift. Here
we will use the first definition by default, with the outer boundary rvir = r200c, and relate
literature results to this definition. Also we note that the halo-to-halo scatter in concentration
is considerable, as discussed further below. Thus we will generally be interested in the mean
or median value for a sample of halos covering some range of mass and redshift.
The mean relation between halo concentration, mass and redshift has been studied
extensively in simulations [e.g. 70, 74, 75, 79–85] – see [78] for further references. Several
general trends are well-established. Recently-formed halos have concentrations of c ∼ 3–4; as
their growth rate slows and major mergers become less frequent, their central density profile
and scale radius remain roughly constant, while their virial radius increases as ρc drops,
leading their concentration to increase as roughly (1 + z)−1 [e.g., 81]. Thus, concentration is
an indicator of the change in critical density since the core of the halo formed; higher-mass
halos considered at a given redshift, or halos of a given mass considered at a higher redshift,
have generally formed more recently in relative terms and therefore have lower concentrations,
down to a minimum value of c ∼ 3.
Beyond these general trends, several controversies exist. Contrary to expectations, some
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recent concentration-mass relations have predicted an increase in concentration with mass
and/or redshift, when the mass is much larger than the typical collapse mass for that redshift
[75, 82–84], while others have disagreed, claiming these trends are due to non-equilibrium
effects [e.g. 86]. Most recently, work by Klypin et al. [74] has clarified that relaxation issues
aside, the most massive halos are genuinely more concentrated, possibly due to more radial
infall patterns from the surrounding density field, but also differ significantly from NFW
profiles. Part of the disagreement over the concentration-mass-redshift relation comes from
comparing concentrations based on radial ratios to concentrations based on velocity ratios,
for halos fitted alternately with NFW profiles or Einasto profiles. While a concentration
parameter based on velocity ratios does increase at the highest masses, the ratio of the virial
radius to the Einasto scale radius r−2 remains roughly constant and equal to ∼ 3. Thus, this
controversy seems mostly resolved (and will also be less relevant here, since it affects only the
most massive halos, none of which are located in the very local volume (at distances D . 10
Mpc) considered below.)
Another significant disagreement relates to extrapolation of the concentration-mass re-
lation to very low halo masses. Simulations of cosmological volumes can typically resolve halo
growth over only a few decades in mass below the characteristic cosmological mass scale M∗
for which ν = 1. Over this relatively short baseline, the mean concentration-mass relation
is reasonably well fit by a power-law. Extrapolating such power-law fits to the smallest halo
masses expected for canonical WIMP models predicts extremely large concentrations, and
thus very large annihilation rates [e.g., 87, 88]. There is no physical basis for this extrap-
olation, however; the trend in concentration with mass is due to the variation in formation
epoch with mass, which should flatten at low masses. Simulations at smaller mass scales and
higher redshifts have demonstrated that models based on the r.m.s. fluctuation amplitude
σ(M) or the peak height ν are both more physical and a better fit to the data [75, 89], while
simulations in different cosmologies have shown that they are also more universal, and less
dependent on the specific value of cosmological parameters [e.g., 84].
So far we have discussed fits to the concentration-mass-redshift relation as determined
empirically from simulations. Recently, [90, OA16 hereafter] proposed a theoretical concentration-
mass relation, derived by considering the ellipsoidal collapse of perturbations, and the conser-
vation of energy of the collapsing region. Their model compares quite well with the features
seen in simulations at z = 0, and also in higher-redshift simulations on smaller mass scales.
Thus, we will also consider this model, and in particular, its predictions for very low-mass
halos.
Figure 2 shows several recent predictions of concentration as a function of halo mass at
z = 0, in our adopted Planck 2015 cosmology. The models shown are the median relations
from [74, 75, 84, 90, – labelled ‘Klypin 16’,‘Prada 12’, ‘Diemer median’ and ‘OA16’ respec-
tively], as well as the mean relation from [84]. As discussed further below, the distribution of
concentration in a given halo mass bin is approximately log-normal [though not quite – see
84], so the offset between the median and median values is expected. Comparing results for
the median relation, we find that the three different fits to simulation data at low redshift
[74, 75, 84] agree to better than 0.1 dex over the range of halo mass directly probed by the
simulations they are based on, highlighted in cyan on the plot.
2.2.2 Extrapolation to very small masses
To calculate the halo boost factor, we need to understand the cold dark matter (CDM)
density distribution on all scales, down to the limit where it becomes smooth. For con-
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Figure 2. Concentration-mass relations at z = 0, from [74, 75, 84, 90, – labelled ‘Klypin 16’,‘Prada
12’, ‘Diemer median’ and ‘OA16’ respectively]. The cyan region shows the range of halo mass sampled
by the simulations on which the numerical fits of [74, 75, 84] were based. The vertical range of the
cyan region indicates the mean dispersion in the concentration of the simulated halo samples. The
long solid rectangle indicates the range of mass and mean concentration from the lowest redshift
output of [91], extrapolated to the present day using the redshift scaling c ∝ (1 + z)−1 originally
proposed by [79]. The thick arrow and lower, dashed rectangle show how these concentrations change
using the alternate redshift scaling ∝ ρ−1/3c , recently proposed by [92]. The lower open square at
log10 c ∼ 0.3 indicates the range of mass and concentration measured by [91] for three individual halo
profiles at z = 32. The thick open rectangle at log10 c ∼ 1.8 shows these quantities extrapolated to
z = 0 assuming c ∝ (1 + z)−1, while the arrow pointing up and to the right and the upper solid
rectangle show the predicted mass and concentration for these systems at z = 0 if a central-density
conserving model is assumed instead.
ventional WIMPs, this lower mass scale is set by free-streaming and/or acoustic oscillations
after kinetic decoupling from Standard Model particles in the early universe, and can range
from ∼ 10−12M to 10−3M, depending on the mass and couplings of the WIMP, while
for other dark matter candidates it can be even smaller [e.g. 93, and references therein].
The value 10−6M (corresponding to a standard 100 GeV WIMP) is sometimes taken as
a fiducial reference point, as in the models of [78, 94]. Extrapolating the fitting formulae
for the concentration-mass relation derived in low-redshift, large-volume numerical studies
[74, 75, 84] down to these very small mass scales, we find that they diverge slightly, but are
still consistent at the 0.2 dex level down to the smallest masses considered here, as shown
in figure 2. The analytic model of OA16, based on energy conservation and the ellipsoidal
collapse model, agrees with the simulation results over the range where they have been tested
– 7 –
directly. At these very low masses, however, it predicts concentrations up to ∼ 6 times higher.
Given the analytic model makes several simplifying assumptions, it seems possible a pri-
ori that the empirical models calibrated off simulations should be more reliable; in particular,
several authors have claimed that high-redshift simulations of very small mass scales directly
confirm the extrapolations shown in figure 2 [78, 89]. It is worth reconsidering carefully,
however, the evidence for lower concentrations in present-day systems of very low mass.
Several numerical studies have directly simulated the formation of ‘microhalos’, the
smallest structures to form in a cold dark matter cosmology with conventional WIMP dark
matter [91, 94–96]. In each case, the authors measured concentrations of c ∼ 2 for these
low-mass halos, at high redshift when the halos had recently formed. Given the mass scale
corresponding to the entire simulated region would go non-linear long before z = 0, they
were not able to trace the fate of these structures directly down to low redshift. Thus, these
simulations give direct evidence for the profile shapes, concentrations and densities expected
at z & 25–30, but not at redshifts below this.
To extrapolate the high-redshift results down to z = 0, previous authors [78, 89] have
used the mean redshift dependence of the concentration-mass model of, e.g. [79], c ∝ (1+z)−1.
With this scaling, the predicted concentrations at z = 0 would be c ∼ 60–70, consistent with
their earlier predictions [75]. These extrapolated values are illustrated by the long solid
rectangle on the figure, where we have taken the masses, concentration values, and scatter
from the lowest redshift output of [91], the most recent and largest-volume set of microhalo
simulations.
More recently, [92] have pointed out that a more accurate scaling with redshift should
in fact be c ∝ ρ−1/3c ∝ [H(z)/H0]−2/3, where H(z) is the Hubble parameter. The implicit
assumption here is that since concentration is a ratio between a virial radius rvir and a scale
radius rs, if the latter remains fixed, then concentration will scale with virial radius. Assuming
the virial radius is defined by an overdensity criterion, then in the absence of a significant
change in halo mass, it will evolve with redshift as ρ−1/3c . This redshift scaling predicts even
lower concentrations for low-mass halos at z = 0, roughly 0.1 dex below the lowest relations
plotted in figure 2, as indicated by the long dashed rectangle and the downward-pointing
arrow.
This redshift scaling assumes, however, that the mass inside the virial radius remains
constant, even as this radius increases by a factor of ∼ 20–30 or more. Thus, it assumes the
unrealistic situation where a halo forms at high redshift in a void, with no significant mass
outside its (high-redshift) virial radius rvir ∼ 2–5 rs. In practice, the density distribution
around cosmological halos always extends smoothly well beyond the virial radius. Assuming
this remains true at high redshift, as the virial radius defined by the overdensity criterion
increases, it will enclose more matter; the resulting increase in halo mass will produce an
additional increase in the virial radius relative to the scale radius, and thus concentration will
grow faster than ρc(z)−1/3 or (1 + z)−1.
We can make a simple estimate of the final concentration for the lowest-mass systems
by assuming that their density structure within rs remains constant with redshift, and that
the profile is NFW out to the virial radius at z = 0. In this case, the mass will evolve as
M(z) ∝ m(c(z)) = ln(1 + c)− c/(1 + c), the virial radius rvir will increase as [M(z)/ρc(z)]1/3,
and the concentration will increase as rvir. This ‘central density conserving’ model thus
predicts both a larger final mass at redshift z = 0, and a larger concentration than the two
other extrapolations. The resulting shift in mass and concentration, relative to values scaled
by (1 + z)−1, is indicated by the arrow pointing up and to the right on figure 2, while the
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upper solid rectangle shows the predicted masses and concentrations at z = 0. We note that
this extrapolation agrees almost exactly with the model of OA16, suggesting that this analytic
model may be a realistic description of CDM structure on the smallest scales.
We can also illustrate the disagreement between different models for the redshift evo-
lution of concentration by comparing the predicted density profiles directly. Figure 3 shows
density profiles at z = 32 for three individual halos from the simulations of [91] (open squares).
The masses of the halos at z = 32, 6×10−5M, 1×10−5M, and 2×10−6M, are indicated on
the plot; we will assume that these are masses within a virial radius of rvir ∼ 2rs, since c ∼ 2
is the typical concentration measured at this redshift in their default model with no cutoff to
the power spectrum. These three halos and their surrounding regions were selected at high
redshift, and evolved in isolation down to z = 0. The evolution in isolation demonstrates that
the halos assembled by z = 32 can be dynamically stable, but is not necessarily realistic in
a cosmological context, so we will not consider it further here. The profiles of the haloes at
z = 32 are interesting in and of themselves, however. If we extend these profiles out in radius,
assuming an NFW profile, we reach 200 times the present-day critical density at virial radii of
1.65 pc, 0.91 pc and 0.54 pc respectively. Comparing these values to their high-redshift scale
radii (0.013, 0.008, and 0.004 pc respectively), we predict z = 0 concentrations of 110–135,
80% higher than those predicted by [75] or [84]. The mass enclosed within the virial radius
has increased by a factor of ∼ 9 between z = 32 and z = 0, explaining the larger virial radii
and concentrations than a naive scaling as (1+z)−1 or ρc(z)−1/3 would predict. The curves on
figure 3 show the central density structure for halos with masses equal to these extrapolated
values, and present-day concentrations of c = 40, 60 and 130 (dashed, dotted and solid lines
respectively). Clearly, if the central density structure is conserved going from high redshift to
low redshift, the simulation results are consistent with z = 0 concentrations of c ∼ 130, not
c ∼40–60. On figure 2, we have plotted these masses and concentrations assuming a (1+z)−1
scaling (thick open rectangle), and the extrapolated mass and concentration assuming density
concentration (upper solid rectangle).
We note that the assumption of central density conservation may not be justified. On
larger mass scales, simulations have confirmed that the mean concentration does evolve as
(1 + z)−1 on average, indicating that central density must gradually drop in typical objects.
One possible mechanism for decreasing central density is violent merger activity; [97] have
shown that major mergers between similar halos may reduce the concentration by a factor of
2 in some cases. Clearly most halos well above the minimum mass scale will have undergone
major mergers at some point in their past, explaining why the evolution of concentration with
redshift is slower than predicted by a density-conserving model. It remains unclear, however,
whether this evolution should apply to the lowest-mass halos surviving at the present day,
which by definition have not accreted much mass over their lifetime, nor to the smallest
subhalos, which would have been subsumed into more massive systems early on, before they
themselves had grown much in mass.
2.2.3 Concentration and boost factor versus peak height
Given the uncertainties in halo concentration discussed above, we can compare results for
two possible concentration relations that bracket the likely range behaviour at low mass, the
model extrapolated from low-redshift, high-mass simulations by K16, and the analytic model
of OA16. For an NFW profile, these are given by
cNFW = 0.522
[
1 + 7.37
( σ
0.95
)3/4] [
1 + 0.14
( σ
0.95
)−2]
(2.8)
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Figure 3. Density profiles measured by [91] at z = 32 for three individual halos, with the masses Mh
listed (open squares). The curves show density profiles for halos of different concentrations at z = 0.
For each of these, the total halo mass has been extrapolated to z = 0 as explained in the text, and is
roughly 9 times the value at z = 32. In the absence of density evolution, the profiles are consistent
with z = 0 concentrations of c ∼ 130, not c ∼40–60.
and
cNFW =
[
3.2 +
(
0.696
ν
)2.32
+
(
1.71
ν
)1.31]
(2.9)
respectively. Similar equations may be written for the concentration of haloes with an Einasto
profile
cEINASTO = 6.5ν
−1.6 (1 + 0.21ν2) (2.10)
cEINASTO = 2.28 +
(
3.25
ν
)1.38
, (2.11)
once again for K16 and OA16 respectively.
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Figure 4. (Top panel) Einasto shape parameter α versus peak height ν from the fits of G08 and K16.
(Middle panel) concentration versus peak height for NFW profiles. (Bottom panel) concentration
versus peak height for Einasto profiles. Labels are as in figure 2.
In the case of the Einasto profile, we also need to specify how the shape parameter α
varies with mass and redshift, and/or peak height ν. The top, middle and bottom panels of
figure 4 show the two fits for α discussed previously in section 2.1, the predicted concentration
for NFW profiles, and the predicted concentration for Einasto profiles respectively, each as a
function of peak height ν. We note that while the OA16 and K16 results provide upper and
lower estimates of concentration for NFW profiles, for Einasto profiles their order is inverted.
The K16 fit to c(ν) for Einasto profiles is based on a fairly short baseline in ν, however
(ν ≥ −0.2), so it may be less reliable for very low peak heights.
Finally, we can combine the halo boost-concentration relation Bh(c) (figure 1) with the
concentration-ν relation c(ν) to calculate the boost for a smooth halo of typical concentra-
tion as a function of peak height, Bh(ν). Figure 5 shows this prediction for two different
concentration-ν relations and two different density profiles. Over most of the range in peak
height, the scatter between the predictions is about an order of magnitude . Only for very low
peaks (i.e. low-mass halos at low redshift) does the range increase to two orders of magnitude.
Throughout the rest of the paper the most conservative possibility, an NFW profile with the
K16 concentration model, will be assumed for the boost factor by default, although it seems
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Figure 5. The halo boost factor as a function of peak height ν at z = 0, for different choices of
the density profile and concentration model. The solid lines are for the NFW profile, and the dashed
lines are for the Einasto profile with the α-ν relation of K16. In each case, thick lines indicate the
concentration model of OA16, while thin lines indicate the model of K16. The vertical bar indicates
the lowest values of ν simulated by K16.
likely that this underestimates the boost factor at low ν considerably.
2.3 Scatter in halo concentration
The boost estimates of the previous section assumed the mean halo concentration at a given
mass. In fact, the distribution of concentration at fixed mass is approximately, though not
quite, log-normal [79, 84]. Since halo boost scales as concentration to a power C between
2.5 and 2.8 (equation 2.7) we might expect the scatter in concentration to introduce both a
larger scatter in the boost, and a bias in the mean value.
To estimate the scatter in the boost factor, we assume a log-normal distribution of
concentration, with a 68% r.m.s. scatter in log10(c) of 0.16 dex, as in the recent measurements
of [84]. For concentrations c & 10, the exponent in the boost-concentration relation is ∼2.5–
2.8, and thus we expect 0.4–0.45 dex scatter in the boost factor (or a factor of ∼ 2.5–3). We
can also estimate the bias in the mean (that is the mean of the boost relative to the boost
of the mean) by propagating the scatter through the analytic fit to Bh(c) given previously
(equation 2.7). For the parameters (A, B, C) = (0.08, 3.0, 2.5), we find that the mean boost
is ∼ 20%, 36% and 47% higher than the boost of the mean for mean concentrations c = 3,
10, and 30 respectively. Thus, while this bias is small compared to the other uncertainties
discussed previously, it is not completely negligible.
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3 Effects of substructure
So far we have considered the boost factor for smooth, spherical halos. In fact, cosmological
simulations show that the hierarchical merging process through which halos assemble is rela-
tively inefficient, and that the dense cores of smaller systems survive as bound substructure
within a halo. Thus, to predict the overall annihilation rate accurately, we need to calculate
the extent to which clustering within a halo increases the integral of ρ2dV . This correction
to the smooth halo value is itself often called the ‘boost factor’ [e.g. 98]; here we will refer
to it as the ‘substructure boost factor’, to distinguish it from the (smooth) halo boost factor
defined above.
There are several different approaches to calculating the substructure boost factor. A
common ‘halo-based’ approach [e.g. 98, 99] is to model the boost from individual subhalos,
as well as the distribution of subhalos as a function of radius, infall mass, and degree of tidal
stripping. We will present our own version of this calculation below, and show that it agrees
well with other recent estimates, [e.g. 78, 98–101]. An alternative approach is to model the
clustering or density distribution of dark matter particles at a statistical level, calibrating to
simulations [e.g. 102, 103]. [104] presents a version of this calculation, based on clustering in
phase-space. We will consider this approach first, and show it also produces fairly consistent
estimates of the additional boost from substructure.
3.1 P 2SAD prescription
First, we will investigate the effects of substructure using the particle phase-space average
density (P 2SAD) model of [104]. This model is based on the stable clustering hypothesis in
phase-space, which assumes that for very small separations in phase-space coordinates ∆x
and ∆v, the average number of particles within a phase-space volume does not change with
time. [104] showed that this hypothesis, together with a tidal stripping model, successfully
described the survival fraction and spatial distribution of subhaloes. Thus, the contribution
of substructure (including subhaloes within subhaloes, and all further levels of the hierarchy)
to the boost factor may be estimated for various masses and redshifts. The annihilation rate
in substructure is given by
Rsub =
8pi1/2b3
9δ3c
200ρc,0fsubM200
〈σv〉
2m2χ
∫ mmax
mmin
µ(mcol)m
−2
cold[m
2
colσ
3(mcol)], (3.1)
where fsub is the mass fraction in substructure, µ(mcol) is the mean fraction of particles that
remain bound to a subhalo of mass mcol that collapsed earlier into a larger structure, mcol, δc
is the spherical collapse density, b = 3.53, mmin and mmax are the minimum and maximum
masses in substructure for a given halo mass, taken to be 10−6M and ∼ 5% of the main
halo mass respectively, and σ(m) is the cosmological variance in density perturbations for a
given mass. The substructure fraction fsub is estimated from the subhalo mass function of
[105]. For a given host halo, the substructure contribution is calculated by integrating all
masses lower than ∼ 5% of the host halo mass, down to mmin. Relative to the rate for a
uniform-density halo of mass M200, Runif = Rh/Bh we can define a substructure boost factor
Bsub ≡ Rsub
Runif
=
8pi1/2b3
9δ3c
fsub
∫ mmax
mmin
µ(mcol)m
−2
cold[m
2
colσ
3(mcol)] . (3.2)
The total boost factor is then
Bt = Bh +Bsub = Bh
(
1 +
Bsub
Bh
)
. (3.3)
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The dot-dashed curve on figure 6 shows (Bsub/Bh), the relative enhancement from substruc-
ture (or ‘substructure boost’), as a function of halo mass.
3.2 Analytic substructure model
In this section, we derive an analytic estimate for the extra boost factor from substructure,
based on modelling the growth of a halo through mergers, and the evolution of individual
subhalos after they merge. Our approach is similar to several other analytic models developed
previously [see, e.g., 78, 98, for recent examples], but includes the information on the mass
accretion history of an individual halo, and thus allows us to calculate the expected halo-to-
halo scatter.
First, we can derive an expression for the relative contribution to the substructure boost
factor made by a single subhalo. Consider a main halo of mass M and mean density ρ¯
occupying a volume V , consisting of a smooth component of mass M0 and mean density ρ0
occupying a volume V0, and a single subhalo of mass M1 and mean density ρ1 occupying a
volume V1. The total boost over V , B(V ) can be broken into contributions from V0 and V1
B(V ) =
[(
ρ¯0
ρ¯
)2(V0
V
)
B(V0) +
(
ρ¯1
ρ¯
)2(V1
V
)
B(V1)
]
(3.4)
=
[(
ρ¯0
ρ¯
)(
M0
M
)
B(V0) +
(
ρ¯1
ρ¯
)(
M1
M
)
B(V1)
]
,
where B(V0) and B(V1) are the boosts from the smooth component and the subhalo com-
ponent respectively. Provided M1  M0 and V1  V0, the mean density of the smooth
component will be approximately the same as the mean density of the whole halo, ρ¯0 ≈ ρ¯.
Defining the substructure mass fraction X = M1/M , then the fraction in the smooth compo-
nent is (1−X). Thus the total boost may be written as
B(V ) = (1−X)B(V0) +
(
ρ¯1
ρ¯
)
XB(V1) ' (1−X)Bh +
(
ρ¯1
ρ¯
)
XB(V1) . (3.5)
We can easily generalize this result to the case of N subhalos
B(V ) = (1−X)Bh +
N∑
i=1
(
ρ¯i
ρ¯
)
XiB(Vi) . (3.6)
where ρ¯i, Xi, and B(Vi) are the mean density, mass faction and boost factor of subhalo i,
occupying volume Vi.
To calculate these quantities, we need to define the volumes V and Vi of the main halo
and subhalos. While the properties of the main halo are calculated within its (cosmological)
virial radius rvir = r200c, subhalos will be stripped down to a smaller tidal radius rt as they
orbit. Physically, this radius denotes the average distance at which the tidal force from the
host halo becomes equal to or greater than the self-gravity of the subhalo. Thus, we need
expressions for the subhalo properties – Xi = Mi/M, ρ¯i, and B(Vi) – within this radius. We
explain each of the calculations below.
1. Bound mass, tidal radius, and subhalo boost factor
A subhalo with an initial mass M0 and radius rvir at redshift zinf when it falls into the
host will be tidally stripped down to mass M and rt by some later redshift z < zinf .
We will denote the bound mass fraction κ(z, zinf) ≡M/M0.
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Based on the results of [106], we estimate the bound mass fraction as κ(z, zinf) =
exp(−A
√
∆c∆z
pi(1+z) ), where A = 0.81, ∆c is the mean overdensity of a halo relative to the
critical density, assumed to be 200 in this work, ∆z is the difference between the redshift
of infall zinf and the redshift of evaluation z. In this parameterization of mass loss, we
note that the bound mass fraction rapidly goes to zero as ∆z → ∞. Both earlier
semi-analytic models [e.g. 107] and recent idealized simulations [108] suggest subhalos
may retain some mass for much longer times. Using an alternative parametrization
κ(0, zinf) = 0.2 + 0.8 exp(−zinf) based on the results of [107], we find substructure
boost factors 2–3 higher than those calculated using [106], so tidal mass loss remains
an uncertainty in our boost factor calculations.
Given an expression for the bound mass fraction, the tidal radius can be calculated from
the condition
M ′(< rt)
M(< r)
= κ(z, zinf) .
Note this implies that the tidal radius will depend on z, zinf , and the initial density
profile at infall, parameterized by a concentration cinf and/or a shape parameter αinf .
To estimate the boost factor within a subhalo’s tidal radius, we will use equation 2.3,
but with a density profile modified by tidal effects. The change to the profile is well-
described by
ρsub =
ft
1 + (r/rt)3
ρNFW, (3.7)
[109], where ft measures the change in the central density due to tidal heating, and rt
is the tidal radius. For the purposes of our simple estimate here, we will ignore the
change in central density, which is minor for moderate amounts of mass loss [109, 110],
and take ft = 1. Given this modified density profile, the boost from the subhalo is
Bsh ≡ 1
ρ¯2subV
∫
ρ2subdV . (3.8)
While we calculate Bsub using the form in equation 3.7, we note that since the strip-
ping process produces an abrupt truncation at rt, the modified boost factor is also
approximately equal to the unstripped function Bh(c′), where c′ ≡ rt/rs is a reduced
concentration parameter incorporating the effects of tidal stripping. This reduced con-
centration factor will in turn depend on the initial concentration cinf , zinf , the redshift
at which the subhalo merges, and z, the redshift at which the boost is measured.
2. Density contrast relative to the main halo
At the redshift zinf when it is accreted into the host, the subhalo is assumed to be
virialized, and thus should have an initial density of ρvir(zinf) = 200ρc(zinf) within its
virial radius. By redshift z, tidal stripping will have increased this density by a factor
κ(z, zinf)(rvir/rt)
3. Thus the ratio of the subhalo density to the main halo density at z
is
ρ¯sub(z, zinf)
ρ¯h
= κ(z, zinf)
(
rvir
rt
)3 ρvir(zinf)
ρvir(z)
= κ(z, zinf)
(
rvir
rt
)3 ρc(zinf)
ρc(z)
. (3.9)
Since the virial radius is determined implicitly from κ(z, zinf), it too will depend on z
and zinf , but not on subhalo mass, and thus the density contrast is also independent of
subhalo mass in this model, but depends only on z and zinf .
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3. Subhalo mass function and infall redshift distribution
Finally, we need to specify the number of subhalos that merge to form the main halo
as a function of mass and redshift. We will begin by calculating how much mass the
main halo accretes at each redshift, and then assume that this accreted mass contains
a distribution of subhalo masses proportional to the field halo mass function at that
redshift.
The overall evolution of the main halo mass is described by its mass accretion history
(MAH), M(z).
Given a halo of mass M(zi) at redshift zi, we will assume the mass M(z) at any earlier
epoch z > zi is given by the expression in [85]
M(z) = M(zi)(1 + z − zi)α˜eβ˜(z−zi), (3.10)
where parameters α˜ and β˜ depend on M(zi) and zi as
α˜ =
[
1.686(2/pi)1/2
D(zi)2
dD
dz
|z=zi + 1
]
f(M(zi)), (3.11)
β˜ = −f(M(zi)), (3.12)
D(z) ∝ H(z)
∫ ∞
z
1 + z′
H(z′)3
dz′, (3.13)
f(M(zi)) =
[
σ2(M(zi)/q)− σ2(M(zi))
]−1/2
, (3.14)
σ2(R) =
1
2pi2
∫ ∞
0
P (k)Wˆ (k;R)k2dk,
q = 4.137× z−0.9476f ,
zf = −0.0064(log10M0)2 + 0.0237(log10M0) + 1.8837. (3.15)
Here H(z) is the Hubble parameter at a given redshift, P (k) is the linear power spec-
trum, Wˆ (k;R) is the Fourier transform of a top-hat window function, and D(z) is the
linear growth factor normalized to unity at the present day. The parameters of the fit
are valid for any cosmology.
The scatter in concentration discussed in section 2.3 is correlated with the MAH of
individual halos, as discussed in [81] – more concentrated halos have older MAHs, while
less concentrated systems built up their mass more recently. To model the effect of the
scatter in individual MAHs on the subhalo boost factor, we use the simpler model of
[111]
M(z) = M0 exp(−2acz) = M0 exp
(
−8.2z
c
)
, (3.16)
which expresses the MAH in terms of ac, the scale factor at the ‘formation epoch’ of
the halo, and c, the concentration of the halo at z = 0. Given the concentration-mass
relations of section 2.2 and the scatter in concentration discussed in section 2.3, we can
calculate the corresponding mean and scatter in ac as a function of halo mass at z = 0,
and thus the effect on the boost factor.
In an interval dz, the increase in the main halo’s mass dM includes both bound and
smooth material. Let fbh(M, z) be the fraction of the mass accreted in the form of
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bound halos with masses m < M . Due to tidal stripping, only a fraction κ of this mass
will survive to some later time as bound substructure. Thus, the total mass fraction in
bound substructure at z = 0 is given by
Xsub(z = 0) =
1
M(0)
∫ ∞
0
κ(0, z)fbh[M(z), z]
dM
dz
dz, (3.17)
where M(0) is the host halo mass at z = 0. For redshifts different from zero, this may
be generalized to
Xsub(z) =
1
M(z)
∫ ∞
z
κ(z, z′)fbh[M(z′), (z′)]
dM
dz′
dz′ (3.18)
Finally, to calculate the fraction of mass accreted as bound structure, fbh(M, z), we
integrate the field halo mass function at z, from the mass of the smallest halo Mlim up
to M
fbh(M, z) =
∫ M
Mlim
M ′
ρm
dn
dM ′
(M ′, z)dM ′, (3.19)
where dndM (M, z) is the halo mass function (from [112]) and ρm is the mean matter
density of the universe.
We assume that the mass accreted as bound structure in a given redshift step consists of
subhalos with a mass distribution that follows the (field) halo mass function dndM (M, z)
given by [112]. This allows us to convert from a total mass fraction accreted at a given
redshift to a set of individual subhalos accreted at that redshift.
Putting all these factors together, we can write an expression for the total boost, relative
to the smooth halo boost, based on equation 3.6
B(V )
B(V0)
(z) =
Bt
Bh
(z) = (1−X) + (Bsub/Bh) (3.20)
= (1−X) +
∑
i∈ subhaloes
(
ρ¯sub(z, zinf,i)
ρ¯h
)
dXi
dz
Bsh,i(z)
Bh
.
Here the subhalos indexed with i are the set of subhalos accreted in any one redshift step,
summed over all redshift steps. While individual subhalos in a given step will vary in con-
centration, in practice, for a given z, zinf and subhalo mass, we assume the mean (field halo)
concentration c(M, zinf) to calculate the boost factor.
3.3 Total substructure boost factor
The predictions for the substructure boost, relative to the smooth halo boost, are shown in
figure 6, as a function of halo mass, for z = 0. In all cases, we assume an NFW profile
and a lower mass limit Mlim = 10−6M. The solid (blue) curve is the analytic prediction,
for the concentration-mass relation of K16. We see that despite the simplifying assumptions
we have made, it is fairly similar to both the P 2SAD predictions (dot-dashed lines) and to
the recent estimate of [78]. On the other hand, the uncertainties in the concentration-mass
relation discussed in section 2.2 lead to a large systematic uncertainty in the predictions. If
we adopt then higher concentration-mass relation of OA16, the analytic predictions increase
by more than one and a half orders of magnitude. This reflects the 0.75 dex disagreement
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Figure 6. The boost from substructure relative to that for a smooth halo, using two different prescrip-
tions, P 2SAD(dot-dashed lines) and the analytic model (solid curves, for two different concentration-
mass relations). Also plotted is the prediction from the analytic model of [78] assuming a subhalo
mass function of slope α = −2 (long-dashed line). The cyan region illustrates the halo-to-halo scatter
in boost factor around the analytic results with the lower concentration relation. The discrepancy
between the green and blue curves reflects the assumption of an NFW profile, and will be alleviated
if an Einasto profile is assumed instead (see figure 9 of OA16). Furthermore, an overall tidal dilution
factor of ft ∼ 0.01 (equation 30 in [104]) could explain the discrepancy between P2SAD and subhalo
models.
in concentration at low mass seen in figure 2, amplified by the power-law dependence of
Bh(c) ∼ c2.5.
The cyan band in figure 6 shows the analytic model prediction for the halo-to-halo scatter
in the substructure boost relative to the mean halo boost. The amplitude is approximately
0.17 dex, as compared to the scatter in the smooth halo boost factor due to concentration
variations, which should be ∼0.45 dex, as discussed previously. Thus, if these two terms are
uncorrelated we expect a scatter of
√
0.172 + 0.452 = 0.48 dex (a factor of 3) in the total
boost, including substructure. Since both terms correlate with formation epoch, however,
it is possible that the total scatter is up to 0.62 dex (a factor of 4) if they act in the same
direction, or 0.28 dex (a factor of ∼2) if they cancel.
In addition to the large uncertainty in the substructure boost factor due to the un-
certainty in halo concentration at low mass, there is also a smaller uncertainty due to the
possible range of Mlim, the lower limit to the CDM mass function. This cutoff can vary from
10−3M down to 10−12M or less, depending on the mass and properties of the dark matter
particle [e.g. 93, 113–119]. Figure 7 shows how, as we vary Mlim upwards from 10−6h−1M
– 18 –
10-6 10-4 10-2 100 102 104 106 108 1010 1012 1014
M(h−1M¯)
10-1
100
101
102
B
su
b/
B
h
Mlim=1h
−1M¯
Mlim=10
−3h−1M¯
Mlim=10
−6h−1M¯
Figure 7. The boost from substructure, relative to the smooth halo boost factor, as a function of
halo mass, for three different values of the lower mass limit to CDM structure, Mlim. In each case,
we have assumed a NFW profile with the concentration-mass relation of K16.
to 1h−1M, the predicted boost drops by only 40%. The uncertainty due to Mlim, in turn,
dominates uncertainties due to the cosmological parameters, which introduce smaller effects
on the boost factor.
3.4 Comparison with previous results
There have been many previous calculations of the substructure boost factor, starting with
[47] and [48]. Here we compare our results to five recent versions of the calculation, by Bartels
& Ando [99], Han et al. [98], Stref & Lavalle [100], Moline et al. [78], and Huetten et al. [101].
Generally, these models all assume spherical halos and subhalos with NFW profiles (truncated
at a tidal radius, in the case of the subhalos), and a power-law subhalo mass function. They
make different assumptions, however, about the slope and amplitude of subhalo mass function,
the rate of tidal mass loss, and the effective concentration parameter for subhalos.
One controversial issue, as discussed in [99], is what scale radius and scale density to
assume for subhalo profiles. In some cases, models have started from the final subhalo mass
at z = 0, calculated a virial radius assuming the same density as for field galaxies at z = 0
(i.e. ∼ 200ρc(0)), and then used the present-day field halo concentration-mass relation to
determine rs and ρs. This is approach clearly incorrect, for two separate reasons. First, the
mean density is underestimated, since subhalos will be tidally stripped to smaller radii and
larger densities than z = 0 field halos, as discussed above. Second, with respect to the original
virial radius of the subhalo when it fell in, the concentration assumed is too large on average,
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since the merger occurred at a higher redshift where mean concentrations at a given mass
were smaller.
[99] develop an analytic model for the boost factor specifically to tackle this shortcoming
of some previous studies. First, starting with an assumed present-day subhalo mass m0
and tidal radius rt (or equivalently a concentration ct = rs/rt), they evolve the subhalo
backwards, assuming mass-loss rates from the model of [106], until the concentration-mass
relation matches the field relation (taken from [85]). This establishes a relationship between
infall mass/redshift and the final values of m0 and ct. Applying this relationship to mass
accretion histories and conditional subhalo accretion rates from [120] and [85] respectively,
they then predict subhalo properties at z = 0.
Although their method predicts a final subhalo mass function slope and amplitude,
they also consider predictions for a range of values of each. For slopes of the mass function
α ≡ d lnN/d lnm = −1.9 and −2, they predict substructure boost factors of roughly 5 and
30 for a cluster mass (Mh = 1015M) main halo. Comparing to the results shown in figure 6,
we see that this is slightly below our analytic result using K16 concentrations, and a factor
of 2 lower than the result from [78]. The latter assumed α = −2 and the same normalization
for the subhalo mass function, but their concentration-mass relation is ∼ 0.3 dex higher than
that of [85] at low masses, even for field halos, so this probably accounts for most of the
difference. In our model, we take the subhalo (infall) mass function to be a scaled version of
the field halo mass function, which gives it an effective slope α between −1.95 and −2 and a
higher amplitude. This explains why our model predicts a boost factor of ∼ 40, even for the
relatively low concentration-mass relation of K16.
[98] make a simple model for the subhalo population at z = 0, and calibrate it using
simulations of galaxy and cluster-mass halos. They assume that the initial (infall) mass func-
tion for subhalos, integrated of all redshifts, is a power-law, and fit the slope and amplitude
assuming these also have a power-law dependence on the main halo mass. They calculate
the boost factor assuming subhalo concentrations follow a present-day concentration-mass
relation, but applied to their infall mass rather than their present-day mass, and show results
for two different choices of relationship. Tidal stripping is assumed to scale as a power law of
radius within the main halo, once again with parameters calibrated using simulations. Using
the concentration-mass relation of [121], they predict a boost factor of ∼ 40 on cluster scales,
which is very similar to our analytic results with K16 concentrations. On the one hand, this
concentration-mass relation is higher than K16; on the other hand the amplitude of their
subhalo mass function is lower than ours, which compensates for this difference.
[100] develop a model tuned to the particular case of the Milky Way, using dynamical
constraints to fix the mass and structure of the main potential. Their model includes baryonic
components, which produce additional tidal stripping due to enhanced global tides and rapid
tidal ‘shocking’ every time a subhalo passes through the galactic disk. They consider various
possible slopes for the subhalo mass function, and also vary the lower mass limit for CDM
structure. For concentrations, they assume the model of [89], which is similar to K16. While
their focus is on the boost factor as a function of radius, we can compare to their predictions
for the boost integrated out to the virial radius, which is ∼ 3 for α = −1.9 or ∼ 10 for
α = −2. Given this is for a Mh ∼ 1012M halo, these results are a factor of two lower than
ours; this may be because of the additional tidal heating effect of the baryonic components,
although these tend to dominate only at small radii.
[78] present a different approach to the problem of subhalo concentrations, measuring
and fitting these directly from simulations, as a function of subhalo position within the main
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halo. The resulting concentration-mass relation is fairly high (similar to the curve labelled
‘Diemer mean’ in figure 6), even for subhalos close to the virial radius. For a subhalo mass
function slope α = −2, they predict a boost factor of ∼ 60 on cluster scales, that is roughly
twice the value we predict assuming K16 concentrations. The offset is presumably due to the
concentration model, although our mass function slope is also slightly shallower than theirs.
Finally, [101] explore the sensitivity of the boost factor to different assumptions, as
part of their calculation of the extragalactic gamma-ray background (EGB). Their default
(conservative) model predicts a fairly low substructure boost factor (∼ 5) on cluster scales,
but this is partly due to taking α = −1.9, a fairly low normalization for the substructure
mass function, and the low concentration-mass relation of [85]. They also ignore the effect
of mass loss on subhalo structure, which may reduce their effective subhalo densities. On
the other hand, this paper nicely illustrates the relative uncertainties introduced by different
components of the model. While the components of the model related to subhalos produce
relatively little scatter in the EGB (which is dominated by the contribution from smaller
halos, with lower boost factors), the overall range of predictions applied to a single halo is
very roughly an order of magnitude.
We note that all these models make unrealistic assumptions about subhalos, such as
abrupt tidal truncation, circular orbits, a steady-state distribution of satellite properties,
pure power-law mass functions, etc.. In most cases, they are calibrated using simulations
that only resolve subhalos down to mass scales of ∼ 106M, and extrapolate these results
over many orders of magnitude to predict the total boost factor. In the end, however, the
amplitude of the boost factor depends on the amount of material assumed to exist in the
densest structures or regions. For halo-based models, this depends on the concentration-mass
relation at low masses, the slope and normalization of the subhalo mass function, and the
assumed efficiency of tidal stripping and disruption for the smallest objects. All of these
model components are hard to determine precisely in current simulations, and require further
numerical and analytic study.
Overall, boost factors calculated assuming traditional concentration-mass relations vary
by about a factor of 5–10 below, or ∼ 2 above, our analytic results using K16 concentrations.
This demonstrates a broad consistency between the detailed methods, with remaining uncer-
tainties due to the unknown or poorly calibrated components of the models discussed above.
The alternative concentration-mass model of OA16, or equivalently a model that assumes the
central density of the first halos is conserved down to redshift zero even as they grow and
merge, implies a much larger boost factor, as discussed previously. Thus, understanding the
long-term evolution of the smallest halos is a crucial step in reducing uncertainties in the
boost factor calculation.
4 Baryonic sources and signal-to-noise in gamma-ray searches
With increasing exposure, Fermi LAT has detected gamma-ray emission from a number of
individual galaxies [e.g. 67, 122], and possibly also from some galaxy clusters [123]. Most
recently, [67] found emission from the centre of M31 that could indicate dark matter anni-
hilation, though it may also come from more mundane sources such as pulsars. In general,
for typical galaxies a stronger contaminant in dark matter annihilation searches are the con-
tributions from the isotropic gamma-ray background (IGRB) [50], ongoing star formation
within the galaxy itself, and/or emission from an active galactic nucleus. While it should be
possible to avoid galaxies with AGN and/or spatially resolve out this emission in the nearest
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galaxies, star formation is more ubiquitous and spread out, and thus harder to avoid, while
the contribution from the IGRB is unavoidable. Thus in this section, we will focus on star
formation and the IGRB as the most important noise source in annihilation searches, at least
for halos of group-scale or lower mass.
Star-forming regions produce cosmic rays, whose interactions with molecular gas in turn
lead to pion creation. The resulting decays produce gamma-ray emission at energies where
it could mask dark matter annihilation. Earlier work by [122] and [124] showed that the
total gamma-ray luminosity seen by Fermi LAT above 100 MeV correlates closely with the
star formation rate (SFR) for the nearby galaxies that have been detected individually. More
recently, gamma-ray emission from star-forming galaxies has been considered in detail by a
number of authors [e.g. 125–127]. For the purpose of this calculation, however, we will assume
the simple empirical relationship of [122]:
LSFR = 7.4× (SFR)1.4, (4.1)
where L is in units of 1041 photons s−1, and the SFR is in M yr−1.
To estimate the signal-to-noise of the annihilation signal for an individual halo, we will
estimate the stellar mass of its central galaxy, the typical star formation rate for an object
with that stellar mass, and the resulting gamma-ray luminosity using the relation above. We
will then compare this ‘noise’ to the ‘signal’, i.e. the luminosity from annihilating dark matter
in the halo.
We use the stellar-to-halo-mass-ratio (SHMR) relation of [128] at z = 0 to estimate
the mean stellar mass of the central galaxy in a given halo. This five-parameter function
was derived by fitting the stellar mass functions and specific star formation rates of galaxies
at redshifts z = 0–8, as well as the cosmic star formation rate over this range. It may be
expressed as
log10(M∗(Mh)) = log10(M1) + f
(
log10
[
Mh
M1
])
− f(0), (4.2)
where
f(x) ≡ − log10(10αx + 1) + δ
(log10(1 + exp(x)))
γ
1 + exp(10−x)
.
For z = 0, the parameters, α, δ, γ, log10 , and log10M1 have best-fit values -1.412, 3.508,
0.316, −1.777, and 11.514 respectively.
Given the stellar mass of the central galaxy, we then estimate its mean star formation
rate, by assuming the galaxy lies on the ‘star formation main sequence’ [e.g. 129], such that
log10 SFR = α log10
(
M∗
M9.7
)
+ β, (4.3)
where α, β, and M9.7 are 1.04, 1.01 and 109.7M respectively, and the SFR is in units of
M yr−1. Given this rate, we can derive a gamma-ray luminosity due to star-formation from
equation 4.1 above.
The diffuse isotropic gamma-ray background (IGRB) is an all-sky gamma-ray emission
from unresolved sources that remains after resolved sources, diffuse Galactic emission, the
Cosmic Ray background, and the Solar contribution have been removed from the total all-sky
background. Measurements of the IGRB using the LAT detector of the Fermi Gamma ray
Space Telescope at energies from 100 MeV to 820 GeV from over fifty months of LAT data
indicate an integrated intensity for energies above 100 MeV of 7.2×10−6 photons cm−2s−1sr−1
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[50]. Using this intensity, the estimated luminosity from the IGRB from individual haloes is
given by
LIGRB = 7.2× 10−64piR2200, (4.4)
where R200 is the virial radius of the halo.
The gamma-ray luminosity of the halo due to dark matter annihilation is given by the
boost factor calculated previously, times the halo mass, mean density, and the particle factors
discussed in section 2.1:
Lh ≡ 〈σv〉
2m2χ
Bt 200ρc(0)MhNγ , (4.5)
where Bt is the total boost from the halo, including the effects of substructure,Mh is the mass
of the halo and Nγ is the number of photons above a given threshold, say 1 GeV, produced
by a pair of WIMPs annihilating.
Observing a source at distance D for a time ∆t with a detector of effective area Adet,
the signal-to-noise ratio is then given as
SNR =
LhAdet∆t/4piD
2√
(LSFR + Lh + LIGRB)Adet∆t/4piD2
. (4.6)
where Adet is the Fermi LAT detector area, D is the estimated distance to a halo, and ∆t is
the observation time.
As a concrete example, we will assume 〈σv〉 = 3 × 10−26 cm3 s−1, mχ = 100 GeV,
Nγ = 30 and ∆t = 8 years. The effective area for the Fermi LAT is 7200 cm2 1. For these
parameters, and for a source distance of D = 10 Mpc, figure 8 shows the expected counts from
annihilation (top panel), from star formation (middle panel), and from the IGRB (bottom
panel). The annihilation calculation assumes a NFW profile, the concentration relation of
K16, and a mass limit of Mlim = 10−15M. Note the predicted signal is small; for galaxy
mass halos we expect only ∼10 photons/year from annihilation, given the parameters we have
chosen. (We also note that the scatter in the annihilation counts is only a factor of ∼2.5,
suggesting the effects of concentration and substructure variations are slightly anti-correlated
– see the discussion in section 3.3.)
We can consider the SNR in two cases, either that we observe different halos at a fixed
distance, or that for each halo mass, we find and observe the nearest system. The average
distance to the nearest halo of massM in a cosmological volume will be related to the number
density of halos of that mass by D = n(M)−1/3. Thus, given a halo mass function n(M), we
can calculate D(M) and use this in equation 4.6 to get the SNR for a typical closest source,
as a function of halo mass.
Figure 9 shows how SNR varies with halo mass, both at a fixed distance (dotted curve),
and for the nearest halo of a given mass (solid curve, with dashed curves indicating halo-
to-halo scatter). In the former case, for our chosen parameters and a distance of 10 Mpc,
we see that only group-scale or larger systems are detectable individually at SNR > 1, and
only massive clusters are detectable at SNR & 3. If we consider the nearest halos, on the one
hand, only clusters are detectable at SNR > 1; on the other hand the trend with mass is much
shallower. Stacked samples of dwarf galaxies, corresponding to halos in the mass range 109–
1011, have so far produced the most stringent limits on the annihilation cross-section. This
plot suggests that stacking the nearest groups or clusters with masses Mh = 1013–1014M
might achieve comparable limits.
1http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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Figure 8. Gamma rays produced by dark matter annihilation (top panel), star formation (middle
panel), and from the IGRB (bottom panel), as a function of halo mass. The annihilation counts
assume a velocity-averaged annihilation cross-section 〈σv〉 = 3 × 10−26 cm3 s−1, a WIMP mass of
mχ = 100 GeV, Nγ = 30, and an observing time of ∆t = 8 years, for the Fermi LAT (effective area
7200 cm2). The boost factor used assumes a NFW profile, the concentration relation of K16, and a
mass limit of Mlim = 10−15. The star formation counts assume the luminosity-SFR relation from
equation 4.1.
Finally, the dashed (blue) curves on figure 9 show the importance of halo-to-halo scatter;
considering the effect on dark matter structure alone, there should be a factor of 2 or more
scatter in the SNR for individual halos. Since the primary origin of this scatter is the variation
in halo concentration, independent estimates of this quantity could help select more promising
objects for stacking. Variations in SFR will increase this variation further. For fixed dark
matter properties, targeting passive galaxies in concentrated halos may yield SNRs many
times those of the median relation.
5 Conclusion
Gamma-ray emission suggestive of dark matter annihilation has been identified in Fermi LAT
maps of the centre of our galaxy [59], and more recently in maps of M31 [67]. While these are
expected to be the strongest sources of this kind, in both cases the emission is also consistent
with other hypotheses, such as emission from pulsars. With increasing exposure, other nearby
galaxies, groups and clusters are becoming promising targets for further analysis. Constraints
based on the joint analysis of the Milky Way dwarfs are currently stronger than those expected
from individual extragalactic halos [19], but stacking and halo-to-halo scatter could make the
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Figure 9. The SNR of the annihilation signal from a single halo in our fiducial calculation, as a
function of halo mass. The solid (blue) curve assumes we observe the nearest halo of that mass, at
a distance scaling as D = n(M)−1/3. The dotted (red) curve assumes we observe halos at a fixed
distance of 10 Mpc, independent of mass. The dashed lines show the 68% halo-to-halo scatter, due
primarily to differences in concentration.
latter more competitive. As an example, [66] recently stacked eight years of Fermi LAT data
around a sample of groups and clusters out to z = 0.003 (i.e. D∼ 130 Mpc). Even assuming a
fairly modest (total) boost factor of B ∼5, they obtain constraints close to those obtained from
dwarf satellites, particularly at low energies. Most of the improvement in their limits comes
from the strongest 8–10 sources (although this depends slightly on energy range), so given
the large halo-to-halo scatter expected, joint constraints on the strongest sources considered
individually might be even more sensitive than the stacked result. Either way, annihilation
searches in extragalactic halos have an advantage over those centred on dwarf satellites, that
the underlying mass distribution is better known from independent dynamical measurements,
and the interpretation of any limits or detection is thus less controversial.
To calculate the expected signal from individual extra-galactic halos, one needs to es-
timate the boost factors both for smooth halos and for substructure within halos. Previous
calculations have generally considered the mean boost at a given mass. Here we develop an
analytic formalism that includes halo-to-halo scatter, parameterized as a variation in concen-
tration due to a variation in formation epoch. We include in the model the latest information
about the halo density profile and about halo concentration as a function of mass and redshift.
For our adopted (Planck 2015) cosmology, whereas other recent work predicts that concen-
tration reaches a maximum value of c ∼ 40–70 around mass scales of Mh ∼ 10−7–10−9, the
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model of OA16 suggests a much higher value of c ∼ 240. We argue that this higher value
is plausible, given the central densities measured in simulations of microhalo formation [91].
If these densities are conserved in field halos down to redshift zero, or if they survive as the
first halos are incorporated into larger systems as substructure, then the expected boost will
be 4–62.5 ∼ 30–90 times larger than previously predicted. This uncertainty dominates others
in the calculation, including the uncertainty in the form of the density profile, and in the
limiting smallest mass scale for CDM structure.
Modulo the uncertainty in the concentration of the smallest structures at low redshift,
our analytic estimate for the boost factor is in good agreement both with other recent esti-
mates [e.g. 78], and with the P 2SAD model of [104], which is based on a completely different
approach. We conclude that further work should focus not on the hierarchical assembly pro-
cess, which seems reasonably well understood (at least for the purposes of calculating the
boost factor), but on the question of halo density at low mass and how it evolves from high
redshift to low redshift. Unfortunately, because microhalos form on mass scales that go non-
linear long before z = 0, this problem is not amenable to direct simulation, but requires
some combination of numerical, analytic and/or semi-analytic work. Studies of microhalo
formation also find that the initial density profile for the very first generation of halos have
a steeper central cusp [91]; this probably has a smaller effect on the boost factor, but also
requires further investigation.
Given a conservative estimate for the boost factor, we calculate the signal-to-noise ratio
for the detection of individual halos in the nearby Universe, assuming star formation is the
main source of contaminating gamma-ray emission. At a given distance, the most massive
halos have the highest SNR, but given low-mass halos are more common, we recover the
result that the strongest constraints should come from stacked analyses at the (local) dwarf
galaxy scale, or from individual analyses of the most massive clusters at greater distances.
These very generic predictions will be modulated by the actual distribution of objects with
mass and distance, but also by their overall star formation rate. For a low boost factor, only
very massive halos produce SNR > 3, but for a high value much of the halo mass range
could produce detections, given a WIMP mass of 100 Gev and a thermal cross-section. The
non-detection of a clear signal from local halos would constrain the WIMP cross-section and
mass correspondingly. Given the continuing search for the annihilation signal with Fermi LAT,
with future satellite missions such as GAMMA-4002, or, at higher energies, with ground-based
ACTs such as the Cherenkov Telescope Array [130], it is important to resolve the remaining
uncertainties in theoretical predictions of the annihilation rate. In particular, further work is
needed to determine how the central densities of the smallest halos evolve from high redshift
down to low redshift, in order to obtain definitive values for the substructure boost factor.
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